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DESCRIPTION 
SENSING APPARATUS 

5 TECHNICAL FIELD 

The present invention relates to a sensing 
apparatus and method for detecting physical property- 
values or the like of an object using a high 
frequency electromagnetic wave in a millimeter-wave 
10 to terahertz -wave region. 

BACKGROUND ART 

In recent years, nondestructive sensing 
techniques using an electromagnetic wave of 

15 millimeter- wave to terahertz (thz) frequencies (30 

GHz to 3 0 THz) have been under development. Examples 
of techniques now \mder development in "application 
fields of the electromagnetic wave of such a 
frequency band include imaging a technique using a 

20 safe fluoroscopic apparatus alternative to an X-ray 
fluoroscope, a spectral technique for obtaining an 
absorption spectrum or complex dielectric constant o 
a material to inspect (or examine) the bonding state 
therein, a technique of analyzing biomolecules, and 

25 technicjue for estimating a carrier concentration or 
mobility. 

As a sensing system using a terahertz 
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electromagnetic wave, Japanese Patent application 
.Laid-open No. HlO-104171 discloses a method of 
preparing a photocbnductive element in which antennas 
also serving as electrodes are provided on a 
5 photoconductive film formed on a svibstrate and 
irradiating the photoconductive element with an 
extremely- short pulse laser light to generate and 
detect a terahertz electromagnetic wave. Since 
absorption lines of various materials are present in 

10 the terahertz range, it is becoming more important to 
apply a terahertz electromagnetic wave to sensing 
techniques such as analyses of plastics, composite 
materials, or the like, water content analysis, and 
biomolecule analysis. By moving an inspected (or 

15 examined) material two-dimensionally , it is also 

possible to obtain a two-dimensional image through 
imaging based on, for example, a difference in 
absorption coefficient of an electromagnetic wave. 

In such a case, there have hitherto been such 

20 problems that optical axis alignment is required 

because a spatial imaging system is used, and that it 
is hard to increase the sensitivity when measuring a 
powder material or liquid material. Therefore, in 
recent years, there has been proposed a method of 

25 locating an inspected material on a THz-wave 

reflection prism and performing sensing utilizing a 
THz evanescent wave generated by total reflection on 
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an upper surface of the prism (see Extended Abstracts 
of The 51st Meeting of The Japan Society of Applied 
Physics and Related Societies, 28p-YF-7) . In this 
case, since an absorption spectrum or the like is 
5 measured based on the interaction between the 
evanescent wave and the inspected material, the 
measurement is available regardless of any form the 
object takes, such as liquid, power, or the like. 
However, the method using the prism has 

10 limitations in reducing the beam diameter of a 

propagating terahertz- electromagnetic wave, so that 
there can typically be obtained only a maximum 
spatial resolution of about 100 |Jm which corresponds 
to the order of a wavelength of the terahertz 

15 electromagnetic wave. Therefore, when a two- 
dimensional image of an inspected object is to be 
observed or inspected objects are to be arranged in a 
two-dimensional array form, higher resolution 
measurement is required. Further, the use of the 

20 prism requires expensive optical parts having low- 
losses in the THz band, and imposes limitations in 
size reduction of the entire optical system. 
Moreover, since the optical system is liable to be 
affected by moisture in air, it is necessary to 

25 locate the entire optical system in a nitrogen 
atmosphere, thus hindering the cost reduction. 
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DISCLOSURE OF THE INVENTION 

In view of the above problem, according to one 
. aspect of the present invention, there is provided a 
sensing- apparatus comprising a transmission line for 
5 propagating an electromagnetic wave therethrough; and 
a detection means for detecting propagation state of 
the electromagnetic wave at an arbitrary location on 
the transmission line*, wherein an interaction between 
an object disposed in the vicinity of the 
10 transmission line and the electromagnetic wave is 
detected - 

According to another aspect of the invention, 
there is provided a sensing apparatus comprising a 
transmission line for propagating an electromagnetic 

15 wave therethrough; a detection means for detecting 

propagation state of the electromagnetic wave through 
the transmission line; and a flow path disposed in 
the vicinity of the transmission line, for allowing 
an object to move therein, wherein an interaction 

20 between the object and the electromagnetic wave is 
detected. 

In the present invention, for example, a THz 
electromagnetic wave is propagated through a 
distributed constant line made of a dielectric, and 
25 physical property sensing of an inspected object is 
performed using an electromagnetic field (such as an 
evanescent wave) leaked out to air in the vicinity of 
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the transmission line. In order to obtain ' a high- 
resolution two-dimensional image, by disposing a 
probe for THz detection in the vicinity of the 
inspected object placed on the transmission line and 
5 performing scanning using the probe, it becomes 
possible to effect inspection with a high spatial 
resolution. In such a case, observation with 1/10 or 
less of the wavelength can also be effected by 
allowing the sensing apparatus to operate as a THz 

10 scanning nearfield optical microscope. A THz 

electromagnetic wave from the probe can be detected 
in terms of, for example, polarization variation of 
read light based on the Pockels effect of an 
electrooptic (eo) crystal. 

15 The THz electromagnetic wave to propagate 

through the transmission line may be irradiated from 
outside of the transmission line. Alternatively,- a 
THz generator (electromagnetic wave generating means) 
may be integrated on the transmission line. In such 

20 a case, there are obtained the advantages that the 
electromagnetic wave is not affected by moisture in 
air, optical adjustment is unnecessary, and size 
reduction becomes possible. As the THz generator, 
there may be adopted a structure in which a 

25 photoconductive element is located at a portion of 
the transmission line, and a short-pulse laser is 
irradiated thereto from outside or two CW lasers 
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having slightly different resonance frec[uencies are 
multiplexed and irradiated thereto from outside. In 
order to efficiently confine the THz electromagnetic 
wave within the THz transmission line, a distributed 
5 bragg reflector (dbr) structure or the like may 
further be provided on the THz transmission line. 
Moreover, as the light source, a structure may be 
used in -which a small -size current injection device 
such as a quantum cascade laser is integrated in the 
10 vicinity of the transmission line or on the same 
substrate . 

When a plurality of THz transmission lines are 
arranged in a two-dimensional array form and an 
inspected object is applied by Inkjet or the like, it 

15 is possible to provide a chip for high-speed 

inspection. Further, when a multiprobe configuration 
is adopted, THz responses of a plurality of inspected 
objects can be obtained for sensing at high speed. 
Other than the technique of applying an 

20 inspected object to the surface of the transmission 
line, it is also possible to adopt a technique such 
that a flow path through which a liquid can pass is 
formed in the vicinity of the transmission line and 
high-speed sensing is performed while flowing 

25 therethrough or continuously replacing an inspected 
liquid material. 

According to the sensing apparatus and method 



wo 2006/011636 



PCT/JP2005/014146 



of the present invention, even in the case of a 
slight amount of an inspected object, for example, 
spectral analysis in a region of a millimeter wave to 
a terahertz wave can be performed at high speed while 
5 ensuring a high degree of freedom for a sample form. 
In such analysis, sensing can be performed for a two- 
dimensional -shaped inspected object at a high spatial 
resolution of 100 (Im or less. Further, because the 
small-size sensing chip is used, it is possible to 
10 provide the sensing apparatus including the entire 
optical system, which is small in size and low in 
cost . 

Other features and advantages of the present 
invention will be apparent from the following 
15 description taken in conjunction with the accompanying 
drawings, .in which like reference characters designate 
the same or similar parts throughout the figures 
thereof . 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are 
incorporated in and constitute a part of the 
specification, illustrate embodiments of the present 
.invention and, together with the description, serve 
25 to explain the principles of the present invention. 

FIG. 1 is a schematic structural view showing a 
sensor chip and an .entire system in accordance with 
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Example 1 of the present invention; 

FIG. 2 is a schematic perspective view showing 
a two-dimensional array chip in accordance with the 
present invention; 
5 FIG. 3 is a schematic plan view showing a 

sensor chip having a resonant structure in accordance 
with Example 2 of the present invention; 

FIGS. 4A and 4B are graphical representations 
each for explaining a Fourier spectrum of a THz 
10 electromagnetic wave; 

FIG.- 5 is a schematic perspective view showing 
a sensor chip in accordance with Example 3 of the 
present invention; 

FIG. 6 is a schematic sectional view showing a 
15 modified example of the sensor chip in accordance 
with Example 3 of the present invention; 

FIG. 7 is a schematic sectional view showing a 
sensor chip in accordance with Example 4 of the 
present invention; and 
20 FIG. 8 is a schematic perspective view showing 

a sensor chip in accordance with Example 5 of the 
present invention. 

BEST MODES FOR CARRYING OUT THE INVENTION 
25 Hereinafter, although a sensing apparatus using 

a terahertz electromagnetic wave will be described 
with reference to embodiments of a photoconductive 
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element and an integrated element including the 
photoconductive element, the material, structure, 
device, size, and the like are not limited to those 
described below. In addition, it is to be \inderstood 
5 that the present invention is not limited to the 
particular use applications of elements and 
particular properties of generated electromagnetic 
waves disclosed herein 
(Example i ) 

10 In a first example of the present invention, a 

THz sensor chip and a sensing system therefor are 
provided as shown in FIG. i . In a sensor chip 
portion 20, a transmission line 2 of a co-planar 
strip line structure and an antenna 3 , which are made 

15 of a Ti/Au electrode, are formed on a Si substrate 1 
having a thickness of 650 ^Un and a high resistance (> 
1 kQ-ciTi) . In this example, the electrode consists of 
two stripes of 2 0 ^Im in width distant by 5 0 |Jm from 
each other. However, the present invention is not 

20 limited to this. The antenna 3 is a dipole antenna 
which is used to efficiently propagate a THz 
electromagnetic wave 10 irradiated from outside to 
the transmission line 2 . The THz electromagnetic 
wave 10 may be irradiated from the surface side on 

25 which the transmission line 2 is provided. 

Alternatively, the THz electromagnetic wave may be 
irradiated from the rear surface side of the 
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substrate 1 because the high resistance Si has a low 
absorption to the THz electromagnetic wave. 

Here, the substrate may be made of quartz or a 
• resin having a low loss in the THz wavelength region. 
5 The antenna may also be a bow-tie antenna or a log- 
periodic antenna, which is a wideband antenna. The 
transmission line may be a co-planar line, a 
microstrip line, or the like. 

The THZ. electromagnetic wave propagating 

10 through the transmission line 2 will interact with an 
inspected object 4 applied to the surface of the chip 
to change the propagation state or show specific 
dispersion characteristics, whereby physical 
properties can be inspected. This is because the 

15 electromagnetic wave propagates through the 

transmission line 2 while leaking out into air. The 
inspected object 4 typically has an outer size of 
slightly less than 10 0 ^Im and can be formed as a 
plurality of dots on the transmission line 2 , as 

20 shown in FIG. 1 (four dots in FIG. i , but the number 
of dots is not limited thereto) 

In order to detect the propagation state, for 
example, a metal probe 5 that stands like an antenna 
is used. The system is configured such that 

25 components scattered by disrupting the THz 

electromagnetic wave propagating through the 
transmission line 2 are received by an electrooptic 
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(EO) crystal 6 such as. of ZnTe through the metal 
probe 5. For the EO crystal 6, a well-known 
technique for reading a change in polarization state 
of light, which is caused by the Pockels effect 
5 depending on the magnitude of amplitude of the THz 
electromagnetic wave, is used. 

To explain the entire sensing system, an output 
of a femtosecond laser 7 having a pulse width of 
about 100 fsec is split into two optical paths by a 

10 splitter 12. On the excitation side, the laser is 
irradiated to a photoconductive antenna a . made of 
low- temperature -grown GaAs (LT-GaAs) or the like to 
output a THz electromagnetic wave pulse lo, which is 
then focused to the antenna 3 via a paraboloidal 

15 mirror 9 . On the probe side, the laser is caused to 
enter the above-mentioned EO crystal 6 through a 
reflector 18 and a time delay device ii, and a 
reflection light modulated by the Pockels effect is 
caused to enter a balance receiver 15 having two 

20 light receiving portions 16a and l^b through a 

quarter wavelength plate 13 and a Wollaston prism 14 . 
The time delay device ii is used to perform control 
such that the THz electromagnetic wave read by the 
metal probe 5 and the laser light irradiated to the 

25 EO crystal 6 are synchronized with each other to 

allow readout of a signal from a desired position of 
the inspected object. By moving the metal probe 5 to 
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an area where an inspected object to observe is 
located and obtaining a signal therefrom, it is 
possible to obtain information related to a plurality 
of inspected objects on a single sensor chip 2 0 at 
5 high speed. In general, there is also a method of 
simultaneously performing plural sensings using two- 
dimensional image data. However, because the spatial 
resolution of the THz electromagnetic wave is about 
100 pfX which is the wavelength order, observation on 

10 a pitch equal to or less than the spatial resolution 
is impossible. In addition to this, improving the 
sensitivity has limitations, so that the 
concentration or volume of an inspected object cannot 
be made smaller than necessary values. When bio- 

15 related molecules are to be inspected, inspection 
using a very small amount of sample is desired. 
According to the method using the probe of the 
present invention, such limitations can be reduced. 
Further, when a near-field probe having a probe tip 

20 of 10 lim or less is used, a two-dimensional 

distribution with a spatial resolution of lO |im or 
less can be obtained for a single inspected object, 
so that near- field precision measurement for 
inspecting a bonding state distribution of a polymer 

25 such as protein or DNA becomes possible. 

In this example, the description has been made 
by taking a metallic needle probe as an example. 
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However, the probe may be a sharpened tip of a THz 
transmission fiber made of a resin, a metal waveguide 
having a fine opening, a photonic crystal fiber, or 
the like. Further, when a high spatial resolution is 
5 not required, it is needless "to say that a method is 
available in which an electrooptic crystal is 
directly brought close to an object. 

Other than the method using an electrooptic 
crystal, there may be used a method using a 
10 photoconductive element, a bolometer, or other 

devices capable of detecting a THz electromagnetic 
wave . 

FIG. 2 shows an example of a chip 2 5 for 
performing high-speed inspection having a plurality 

15 of transmission lines arranged in an array form. 

Transmission lines 2i, each of which has the same 
structure as shown in FIG. i , are arranged in a two- 
dimensional array form. Inspected objects 2 2 can be 
applied through an array-forming nozzle 2 3 at high 

20 speed by an Inkjet method. A beam of a THz 

electromagnetic wave is spread and irradiated 
entirely to the rear surface of a substrate 24 (for 
example, 3 cm square) and coupled through an antenna 
provided in each of the transmission lines 21. 

25 Probes for inspection (not shown) may also be 

arranged in a two-dimensional array form as needed. 

By adopting the probe system in this way, it is 
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possible to flexibly deal with changes in size or 
system and also to provide a sensor chip having a 
higher spatial resolution and higher sensitivity. 
• Further, complex processing on the chip side is 
5 unnecessary, and a disposable type sensor system, 
which does not need cleaning or the like, can be 
constructed . 
(Example 2 ) 

In a second example of the present invention, 
10 distributed reflective regions 31a and 31b having 
periodic structures are provided in a transmission 
line 3 2 on a substrate 3 0 of a sensor chip 3 5 as 
shown in FIG. 3 . By adopting such a structure, a 
specific frequency component of a THz electromagnetic 
15 wave irradiated from outside to an antenna 3 4 is 

efficiently confined, which is advantageous in the 
case where high-sensitive measurement is to be 
performed at a specific frequency. 

FIGS. 4A and 4B are graphical representations 
20 showing Fourier spectrum images of an electromagnetic 
wave in the transmission line 3 2 in the case where 
such a structure is adopted. FIG. 4A is for a THz 
electromagnetic pulse emitted from a photoconductive 
element such as shown by 8 in FIG. i . FIG. 4B is for 
• 25 an electromagnetic wave confined in the transmission 
line in this example . A stop band produced by a DBR 
reflector corresponds to w , and one or more resonance 
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modes m can be generated within the stop band 
depending on the length L of the sensing portion. 

Because the resonance frequency is changed 
depending on the inspected object 33, there may be 
5 employed a method of detecting a change in the 

resonance point. in such a case, when a plurality of 
inspected objects 33 are disposed as shown in FIG. 3, 
there may be adopted a method of sweeping a probe 
such as described in Example 1 to measure both 

10 amplitude distribution and Fourier spectrum of the 

electromagnetic wave in the transmission line 3 2 and 
calculating the physical properties of the inspected 
objects 33- based on the measurements. 

Further, in the case where the transmission 

15 lines are arranged in an array form as shown in FIG. 
2 , when the resonance frequency is set to differ • 
depending on locations, the frequency dependence can 
be measured on the same chip at high speed. As the 
structure for confining the electromagnetic wave, a 

20 photonic crystal structure or a photonic fractal 
structure may be used. 
(Example 3 ) 

In a third example of the present invention, 
unlike the method in which an inspected object is 
25 applied to the surface of a sensor chip, an inspected 
liquid object is caused to flow through a flow path 
integrally formed with a transmission line as shown 
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in FIG. 5 . 

In the example shovm in FIG. 5 , signal lines 
44a, 44b and an insulator 4 2 are provided on a Si 
substrate 4 0 with reference numeral 41 being a ground 
5 plane 4i such that a microstrip line is formed as a 
THz transmission line. Of course, this may be a co- 
planar strip line such as described in Example 1 . 
The signal lines 44a, 44b are separated from each 
other by a gap portion 46, under which only an LT- 

10 GaAs epitaxial layer is transferred to form a 

photoconductive element 4 5 which generates a THz 
electromagnetic wave pulse by light pulse irradiation. 
An EG crystal 4 7 for detecting the transmission state 
may also be integrated at an end of the transmission 

15 line. A flow path 4 3 having a typical sectional size 
of 10 pm X 20 |im is formed between the signal lines 
44a, 44b and the ground plane 41 so as to allow a 
liquid as an inspected object to flow therethrough as , 
indicated by the arrows. The liquid can be delivered 

20 by means of a micropump, an ink j et system, or the 
like. The structure of the flow path 4 3 can be 
produced by a method of forming a groove structure by 
use of a resin such as benzocyclobutene (BCB or 
Cyclotene (trade name) ) , polyimide, or polysilane, 

25 providing the groove structure with a cover 5 9 made 
of quartz glass or the like and effecting bonding. 
When a liquid is set but is not treated as a fluid, a 
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simple structure without cover may be used. Further, 
in the example shown in FIG. 5 , the groove is 
provided in the vicinity in the lateral direction of 
the signal lines as shown in FIG. s . However, as 
5 shown in FIG. 6 , a flow path 6 2 may be located just 
under a signal line 4 4 to improve the sensitivity. 

A sensing system using the THz electromagnetic 
wave will be described. Although the THz pulse 
system using a femtosecond laser such as described in 

10 Example 1 may be used, description is made here by 
taking as an example a system using a THz continuous 
wave based on beat caused by two semiconductor lasers 
55a, 55b. The two semiconductor lasers 55a, 55b are 
such that a difference frequency can be stabilized 

15 within the range of 0.1 to 3 THz. Two laser beams 

are mixed with each other by a coupler 5 8 through a 
reflector 5 6 and then irradiated to the gap portion 

4 6 of the photoconductive element at a power of about 

5 mW, At this time, when an electric field 6 0 of 
20 about 10 V is applied to the signal lines 44a, 44b, 

an electromagnetic wave corresponding to a beat 
frequency propagates through the microstrip line 
including the signal lines 44a and 44b. The 
propagating electromagnetic wave interacts with the 
25 inspected object in the flow path 43, and the state 
of the electromagnetic wave is detected by a 
detecting phot OCconductive element 5 7 having a metal 
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probe 48. The detection is carried out by taking out 
a part of the laser light from the light source, then 
effecting time adjustment by a time delay device 50, 
and measuring a current 4 9 by simultaneous detection. 
5 On the other hand, in the integrated EO crystal 47, 
the detection is performed by the same method as 
described in Example 1 using a time delay device 51, 
a quarter wavelength plate 52, a Wollaston prism 53, 
and a balance receiver 54. 

10 When the beat frequency is varied, a spectrum 

can be observed within the range of 0.1 to 3 THz . 
The resonance structure such as described in Example 
2 may. be provided to strongly confine the 
electromagnetic wave . 

15 In order to measure the characteristics of the 

entire fluid, the detection may be performed using 
the EO crystal 47. Further, in order to know the 
distribution in the fluid, the measurement may be 
performed while being scanned with the probe 48. 

20 In this example, the measurement in a solution 

is possible, and THz electromagnetic wave sensing can 
be performed in real time in accordance with the 
progress of a reaction of a material. 
(Example 4 ) 

25 In a fourth example of the present invention, a 

quantum cascade laser for a continuous wave is used 
as a THz light source. In FIG. i , an electromagnetic 



wo 2006/011636 



PCT/JP2005/014146 



19 

wave from a THz laser 6i is coupled for propagation 
to a transmission line composed of a signal line 63 
and dielectrics 64 and 67 provided on a substrate 70. 
• The THz laser and the transmission line may be 
5 integrally formed to provide an integrated device. 
An inspected object 6 5 is placed on the 
transmission line and the inspection is performed 
using a probe 6 6 in the same manner as described in 
.the foregoing examples. Also in this case, THz near- 
10 field imaging having a spatial resolution of 10 ^Im or 
less may be perfoirmed using a near-field probe. 
(Example 5 ) 

In a fifth example of the present invention, as 
shown in FIG. 8, a transmission line comprises a 

15 single conductor and a flow path for moving an 

inspected object therethrough is disposed in the 
vicinity of the transmission line as with Example 3 . 
As a dielectric substrate ao, there is used, for 
example, a polyolefin sheet having a thickness of 300 

20 Urn , on a surface of which an Au line 8 2 having a 

width of 10 |Llm and a thickness of 5 |Jm and an upper 
dielectric layer 81 made of a polyolefin sheet having 
a thickness of about 100 |Llm are formed. The Au line 
82 is the so-called single line, which has a single 

25 conductor, and has good high-frequency propagation 

characteristics in a direction indicated by an arrow 
90, which are further improved by being surrounded. 
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with the dielectric. The upper polyolefin sheet 81 
is subjected to heat treatment after the formation of 
the Au line 82 to be bonded to the lower polyolefin 
sheet 80. Alternatively, the upper dielectric layer 
5 81 may be formed by application of a liquid organic 
material onto the substrate 8 0 in a large film 
thickness followed by curing. 

Further, there is formed in the dielectric 
layer 81 a flow path 8 4 for putting the inspected 

10 object therein, and the inspected object is charged 

in the direction shown by the arrow 8 8 and discharged 
in the direction shown by the arrow 89. Incidentally, 
the space for containing the inspected object does 
not necessarily need to be in a flow path form and a 

15 vessel only for housing the inspected object may be 
provided instead. The shape and size of the flow 
path is, for example, a square with a side length of 
about several lo jim , and in order to allow a 
detecting probe 8 5 to be inserted into the flow path 

20 84, a hole 8 6 with a diameter of about lo |Hm is 
formed in the vicinity of an intersection of an 
. inspected object portion (flow path 84) and the 
transmission line (Au line 82) . A probe 8 5 such as 
described in the foregoing examples may be inserted 

25 into the hole 8 6 to detect the propagation state of 
an electromagnetic wave. Here, when the hole has 
such a large size as to allow the probe to scan 
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therein, a distribution state of the inspected object 
can also be examined. 

The method of coupling an electromagnetic wave 
to this sensing chip and performing the detection may 
5 be the same as described in the foregoing examples. 
However, the coupling of a terahertz electromagnetic 
wave 8 7 to the single line may also be effected by 
means of a diffraction grating 83 formed on the line 
82. Further, the coupling means is not limited to 

10 the diffraction grating and also includes an antenna 
or the like. Moreover, there may also be adopted a 
method of integrating a photoconductive element into 
this sensing chip and irradiating the element with 
light from outside. 

15 In order to confine an electromagnetic wave in 

the vicinity of the inspected object portion, a 
photonic crystal structure or a photonic fractal 
structure (both not shown) may be formed using a 
dielectric in the vicinity of the intersection of the 

20 flow path 84 and the transmission line 82, or a 

diffraction grating may also be formed on the other 
end of the transmission line 82 to provide a 
resonance structure, whereby the sensitivity can be 
improved. 

25 As many apparently widely different embodiments 

of the present invention can be made without 
departing from the spirit and scope thereof, it is to 



wo 2006/011636 



PCT/JP2005/014146 



22 



be understood that the present invention is not 
limited to the specific embodiments thereof except as 
defined in the claims. 



This application claims priority from Japanese 
Patent Application Nos . 2004-223665 filed July 30, 
2004 and 2005-154772 filed May 27, 2005, which are 
hereby incorporated by reference herein. 



